The ecological genetics of Pseudomonas syringae in the kiwifruit phyllosphere : a thesis submitted in partial fulfilment of the requirements for the degree of Ph.D. in Evolutionary Genetics, New Zealand Institute for Advanced Study at Massey University, Auckland, New Zealand by Straub, Christina
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 
The ecological genetics of
Pseudomonas syringae in the
kiwifruit phyllosphere
A thesis submitted in partial fulﬁlment of the requirements for
the degree of
Ph.D.
in
Evolutionary Genetics
New Zealand Institute for Advanced Study
at Massey University, Auckland, New Zealand
Submitted by
Christina Straub
2017

Acknowledgements
An email written four years ago, joking about my taste buds appreciating
the taste of the golden kiwifruit, resulted in me moving to the other side of
the world.
Here we are, on what feels like a lifetime later and ﬁrst and foremost, I
would like to thank my supervisor Distinguished Professor Paul Rainey for
giving me the opportunity to work on this fascinating project, for believing
in me for starting from scratch, for the ability to pursue my own research
project and for all the helpful discussions and ideas along the way. I am very
grateful for all the years of ﬁnancial support and the opportunities to present
at various national and international conferences.
Dr Honour McCann, I would have been lost so many times without you,
thank you for all your support and positivity at all hours and for teaching
me all I know and so much more about plant pathogenicity experiments and
genomics.
My fellow PhD lab mate in crime, Elena Colombi, who alternately makes
me laugh or drives me crazy (in a split second), four years was not enough,
lets do it for another one!
The past and present members of the bRain(e)y lab, who have been
part of my journey: Katrin and Peter (lunch time cakes along with honest
academic life advice!), Sylke, Chhavi, Yeserin, Chaitanya (whose passion is
i
not just game theory, but who is also a big movie buﬀ), Kyo (thanks for
showing me your Tokyo), Michael, Joanna and Gayle, Daniel and Philippe.
Dist Prof Paul Rainey, Dr Honour McCann, Dr Philippe Remigi and Dr
Gayle Ferguson helped improve this thesis with valuable comments.
This project would not have been possible without a PhD scholarship
from the NZIAS and ﬁnancial support from Plant & Food Research. From
Plant & Food Research I want to particularly thank Assoc Prof Matt
Templeton and Dr Erik Rikkerink. Vesna Davidovic-Alexander, the secret
star of the NZIAS for dealing with all ﬁnancial related issues.
A special thanks goes to Punchbowl and the hard working kiwifruit
growers, who granted me access to their orchards. Without them this study
would not have been possible. For me it was a sampling site, but for them it
was their livelihood. Keep the hard work going, David French, the Aitkens
family and Rex Reed and thanks for sharing your experience.
On a more personal note, my family and friends. Your support has made
this journey much easier and more bearable. Florian, words are not going to
cut it to express my feeling of gratitude for all these years. Thanks for your
understanding!
Krista, John and George, thank you for being my NZ family, all three
of you will be forever in my heart. John, it will take me however a couple of
years until I have veriﬁed all of your stories.
ii
Abstract
The impact of disease-causing bacteria on their hosts is shaped by
interactions with co-occurring microbes, but such interactions are rarely
studied. Pseudomonas syringae is a ubiquitous and signiﬁcant plant
pathogen infecting a wide range of plants, often of agricultural importance.
The community context of P. syringae in infected plant hosts has been
little explored. I determined the population structure and genetic diversity
of Pseudomonas syringae strains collected from infected and uninfected
orchards over the course of a growing season during the current outbreak of
bacterial canker of kiwifruit (P. syringae pv. actinidiae, Psa) in New
Zealand. A total of 148 strains comprising Phylogroups 1, 2, 3 and 5 were
characterised by Multi Locus Sequence Typing (MLST). The overall
population structure was clonal, but with a low level of recombination for
single housekeeping genes within phylogroups. More than half of the
isolates belonged to a new Phylogroup 3 clade (PG3a) that was also
commonly found on kiwifruit leaves in China and previously reported from
kiwifruit leaves in Japan. To understand the ecological basis of the
co-occurrence of PG3a and PG1 (Psa) I looked for evidence of niche
specialisation by performing reciprocal invasion from rare assays of a
selected representative from each lineage both in vitro and in planta. P.
syringae G33C (PG3a) demonstrates antagonistic behaviour towards Psa
NZ54, whereas Psa NZ54 exhibits a beneﬁcial eﬀect on growth of P.
syringae G33C; an eﬀect that could not be attributed to virulence activity
encoded by the Type 3 Secretion System. Given this antagonistic
iii
behaviour, I explored the virulence repertoire in these commensal strains to
determine their potential in the emergence of future more virulent types of
Psa. In addition, I used comparative genomics to unravel the phylogenetic
resolution of the novel P. syringae clade in context with known
representatives of P. syringae PG3. Together my data draw attention to
the community context of disease and demonstrate the value of
incorporating an ecological dimension into the study of the genetic
structure of pathogen populations.
iv
Table of Abbreviations
Abbreviation Meaning
AHL N -acyl derivatives of homoserine lactone
Avr Avirulence
bp Basepair
CDS Coding sequence
CEL Conserved eﬀector locus
cfu Colony forming unit
CDI Contact-dependent inhibition
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
dNTP Dinucleotide triphosphate
dpi Days post inoculation
EEL Exchangeable eﬀector locus
EPS Extracellular polysaccharides
ETI Eﬀector triggered immunity
HGT Horizontal Gene Transfer
Hop Hrp outer protein
HR Hypersensitive response
IAA Indole 3-acetic acid
ICE Integrative conjugative element
Ice+/- Ice-nucleation active/negative bacteria
INA Ice-nucleation activity
Kan Kanamycin
v
Abbreviation Meaning
KB King’s B medium
LB Lysogeny broth
M9 M9 medium
MAMP Microbial associated molecular patterns
Mbp Megabasepairs
MCMC Markov chain Monte Carlo
ML Maximum Likelihood
MLST Multi Locus Sequence Typing
MST Minimum Spanning Tree
NRPS Non-ribosomal peptide synthetases
OD Optical density
P. Pseudomonas
PAI Pathogenicity island
PAMP Pathogen associated molecular patterns
PCR Polymerase Chain Reaction
PG Phylogroup
PGPR Plant growth promoting bacteria
PRR Pattern-recognition receptors
Psa Pseudomonas syringae pv. actinidiae
PTI Pattern triggered immunity
pv. Pathovar
R genes Resistance genes
RK Receptor kinase
RLP Receptor- like protein
vi
Abbreviation Meaning
ROS Reactive Oxygen Species
SE Standard error
ST Sequence type
T3SE Type 3 Secretion Eﬀectors
T3SS Type 3 Secretion System
WGS Whole genome sequencing
WT Wildtype
vii

Contents
Acknowledgements i
Abstract iii
Table of Abbreviations v
List of Figures xix
List of Tables xxiii
1 Introduction 1
1.1 Phyllosphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.1 A challenging habitat for microbes . . . . . . . . . . . 3
1.1.2 Outcome of the plant-bacteria interplay . . . . . . . . . 6
1.2 Plant immune defence . . . . . . . . . . . . . . . . . . . . . . 9
1.3 Factors driving pathogen emergence . . . . . . . . . . . . . . . 11
1.4 P. syringae - a taxonomist’s nightmare . . . . . . . . . . . . . 16
1.4.1 P. syringae causing havoc in the kiwifruit industry . . 18
1.4.2 Plant pathogen artillery . . . . . . . . . . . . . . . . . 20
1.4.3 Commensal P. syringae . . . . . . . . . . . . . . . . . 26
1.5 Bacterial interactions in the phyllosphere . . . . . . . . . . . . 28
1.6 Bacterial population genetics . . . . . . . . . . . . . . . . . . . 31
1.6.1 Deﬁnition of a bacterial population . . . . . . . . . . . 31
1.6.2 Population structure . . . . . . . . . . . . . . . . . . . 32
1.7 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . 36
2 Population genetics of P. syringae on kiwifruit leaves 39
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.1.1 Recombination and its eﬀect on population structure . 40
2.1.2 Multi Locus Sequence Typing (MLST) . . . . . . . . . 44
2.1.3 The population structure of P. syringae . . . . . . . . 45
2.2 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.3 Material & Methods . . . . . . . . . . . . . . . . . . . . . . . 49
2.3.1 Isolation of putative P. syringae isolates from kiwifruit
leaf washes . . . . . . . . . . . . . . . . . . . . . . . . 49
2.3.2 Selection of colonies for genotypic testing . . . . . . . . 51
2.3.3 MLST genotyping . . . . . . . . . . . . . . . . . . . . . 52
2.3.4 Polymerase Chain Reaction (PCR) . . . . . . . . . . . 52
2.3.5 Sample puriﬁcation . . . . . . . . . . . . . . . . . . . . 54
2.3.6 Sequence assembly . . . . . . . . . . . . . . . . . . . . 55
2.3.7 Global P. syringae strains . . . . . . . . . . . . . . . . 56
2.4 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
2.4.1 Quality of the sample . . . . . . . . . . . . . . . . . . . 57
2.4.2 Indices of diversity . . . . . . . . . . . . . . . . . . . . 58
2.4.3 Best ﬁtting evolutionary model . . . . . . . . . . . . . 59
2.4.4 Sequence diversity . . . . . . . . . . . . . . . . . . . . 60
2.4.5 Selection . . . . . . . . . . . . . . . . . . . . . . . . . . 62
2.4.6 Linkage & recombination . . . . . . . . . . . . . . . . . 64
2.4.7 MLST analysis - assignment of sequence types (ST) . . 67
2.4.8 Group patterns of evolutionary descent . . . . . . . . . 67
2.4.9 Clustering analysis . . . . . . . . . . . . . . . . . . . . 69
2.4.10 Phylogenetic reconstruction . . . . . . . . . . . . . . . 70
2.4.11 Testing for biogeographic structure - PERMANOVA . 75
2.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
2.5.1 Depth of sampling . . . . . . . . . . . . . . . . . . . . 78
2.5.2 Indices of diversity . . . . . . . . . . . . . . . . . . . . 79
2.5.3 Testing models of evolution . . . . . . . . . . . . . . . 80
2.5.4 Sequence diversity . . . . . . . . . . . . . . . . . . . . 81
2.5.5 Pairwise genetic distance within and among phylogroups 82
2.5.6 Testing for selection . . . . . . . . . . . . . . . . . . . 83
2.5.7 Linkage & recombination . . . . . . . . . . . . . . . . . 85
2.5.8 Clonal complexes & ancestry based on MLST analysis 91
2.5.9 Ancestry of polymorphisms . . . . . . . . . . . . . . . 99
2.5.10 Ancestry based on nucleotide sequences . . . . . . . . . 100
2.5.11 Phylogenetic analysis and population structure of P.
syringae associated with the phyllosphere in kiwifruit . 107
2.5.12 Biogeographic structure . . . . . . . . . . . . . . . . . 116
2.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
2.6.1 Higher diversity in infected orchards . . . . . . . . . . 122
2.6.2 Low levels of recombination among P. syringae in the
phyllosphere . . . . . . . . . . . . . . . . . . . . . . . . 122
2.6.3 Commensal P. syringae classiﬁed in subpopulations . . 124
2.6.4 Global kiwifruit P. syringae form a new clade in
Phylogroup 3 . . . . . . . . . . . . . . . . . . . . . . . 126
2.6.5 Genotypic diversity aﬀected by biogeographical factors 126
3 Ecological interactions of commensal P. syringae with the
pathogen P. syringae pv. actinidiae 129
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
3.1.1 Maintenance of variation . . . . . . . . . . . . . . . . . 129
3.1.2 Maintenance of genetic polymorphism in natural
bacterial populations . . . . . . . . . . . . . . . . . . . 130
3.1.3 Bacterial interactions inﬂuencing the outcome of plant
disease . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
3.1.4 Interactions among P. syringae . . . . . . . . . . . . . 133
3.2 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
3.3 Material & Methods . . . . . . . . . . . . . . . . . . . . . . . 137
3.3.1 Strains and culture conditions . . . . . . . . . . . . . . 137
3.3.2 Tn5 transposon mutagenesis . . . . . . . . . . . . . . . 137
3.3.3 Insertion site identiﬁcation . . . . . . . . . . . . . . . . 139
3.3.4 Competition experiments . . . . . . . . . . . . . . . . . 140
3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
3.4.1 Tn5 mutagenesis . . . . . . . . . . . . . . . . . . . . . 144
3.4.2 Competition experiments in vitro . . . . . . . . . . . . 146
3.4.3 Competition experiments in planta . . . . . . . . . . . 152
3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
3.5.1 P. syringae G33C as superior competitor in vitro . . . 166
3.5.2 A reverse outcome of competition in planta . . . . . . 168
4 Comparative genomics of kiwifruit-associated P. syringae
Phylogroup 3a 175
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
4.1.1 The status of P. syringae genomics . . . . . . . . . . . 175
4.1.2 Evolution of pathogenicity . . . . . . . . . . . . . . . . 176
4.1.3 Types of Type 3 Secretion Systems and pathogenicity . 179
4.1.4 Factors involved in host range expansion (woody hosts) 181
4.2 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
4.3 Material & Methods . . . . . . . . . . . . . . . . . . . . . . . 186
4.3.1 Strain information . . . . . . . . . . . . . . . . . . . . 186
4.3.2 Comparison of in planta growth of metA+ vs. metA-
strain . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
4.3.3 Whole genome assembly . . . . . . . . . . . . . . . . . 187
4.3.4 Sequence data . . . . . . . . . . . . . . . . . . . . . . . 188
4.4 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
4.4.1 Assembly quality assessment . . . . . . . . . . . . . . . 188
4.4.2 Phylogenetics . . . . . . . . . . . . . . . . . . . . . . . 188
4.4.3 Identiﬁcation of the Pangenome . . . . . . . . . . . . . 190
4.4.4 Type Three Secretion System and Eﬀectors . . . . . . 191
4.4.5 Phytotoxins . . . . . . . . . . . . . . . . . . . . . . . . 191
4.4.6 Secondary metabolite biosynthesis genes . . . . . . . . 194
4.4.7 Copper resistance . . . . . . . . . . . . . . . . . . . . . 194
4.4.8 Catechol operon . . . . . . . . . . . . . . . . . . . . . . 195
4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
4.5.1 Quality of the draft genomes . . . . . . . . . . . . . . . 196
4.5.2 Phylogenetic reconstruction . . . . . . . . . . . . . . . 198
4.5.3 Unique and shared genes for Phylogroup 3a . . . . . . 203
4.5.4 Type 3 Secretion System . . . . . . . . . . . . . . . . . 204
4.5.5 Phytotoxins . . . . . . . . . . . . . . . . . . . . . . . . 211
4.5.6 Secondary metabolite cluster mining . . . . . . . . . . 214
4.5.7 Copper resistance . . . . . . . . . . . . . . . . . . . . . 215
4.5.8 Catechol operon . . . . . . . . . . . . . . . . . . . . . . 219
4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
4.6.1 Variable eﬀector suite within PG3 P. syringae . . . . . 222
4.6.2 PG3a strains possess functional pathogenicity islands . 224
4.6.3 Phytotoxins . . . . . . . . . . . . . . . . . . . . . . . . 225
4.6.4 Secondary metabolite production . . . . . . . . . . . . 226
4.6.5 Copper resistance . . . . . . . . . . . . . . . . . . . . . 227
4.6.6 Catechol operon . . . . . . . . . . . . . . . . . . . . . . 228
5 Concluding discussion 231
5.1 Summary of ﬁndings . . . . . . . . . . . . . . . . . . . . . . . 231
5.1.1 Diversity of P. syringae in the phyllosphere . . . . . . 232
5.1.2 Ecological interactions of commensal P. syringae and
the pathogen Psa . . . . . . . . . . . . . . . . . . . . . 234
5.1.3 The pathogenicity potential of commensal P. syringae 236
5.2 Future directions . . . . . . . . . . . . . . . . . . . . . . . . . 238
References 241
Appendix 273

List of Figures
1.1 Bacterial traits in adaptation to the phyllosphere . . . . . . . 6
1.2 Zig-zag model of plant immune response . . . . . . . . . . . . 11
2.1 Overview of sampling strategy . . . . . . . . . . . . . . . . . . 49
2.2 Agarose gel of ampliﬁed gapA PCR products . . . . . . . . . . 54
2.3 Rarefaction curves . . . . . . . . . . . . . . . . . . . . . . . . 77
2.4 Best ﬁtting model of evolution . . . . . . . . . . . . . . . . . . 80
2.5 Venn diagram of shared ST’s among orchards . . . . . . . . . 92
2.6 Frequency of ST’s per orchard . . . . . . . . . . . . . . . . . . 93
2.7 Phyloviz ST population snapshot . . . . . . . . . . . . . . . . 95
2.8 Population snapshot highlighting time of isolation . . . . . . . 96
2.9 Global Minimum Spanning Tree . . . . . . . . . . . . . . . . . 98
xix
2.10 Structure membership coeﬃcients for K=3 . . . . . . . . . . . 99
2.11 Mean of ln(K ) vs. most likely number of K . . . . . . . . . . 100
2.12 Maximum Likelihood tree based on unique ST’s . . . . . . . . 102
2.13 Congruence between Bayesian and ML tree . . . . . . . . . . . 104
2.14 Splits network of unique STs . . . . . . . . . . . . . . . . . . . 106
2.15 ML tree based on the concatenated alignment (2010 bp) of
gapA, gyrB, gltA and rpoD . . . . . . . . . . . . . . . . . . . . 109
2.16 Global ML tree based on gltA highlighting clade 3a . . . . . . 112
2.17 ML trees based on single genes. . . . . . . . . . . . . . . . . . 114
2.18 Multi Dimensional Scaling (MDS) plot based on STs . . . . . 117
2.19 Multi Dimensional Scaling (MDS) plot based on pairwise
genetic distance . . . . . . . . . . . . . . . . . . . . . . . . . . 119
3.1 Growth curves of Tn5 mutant . . . . . . . . . . . . . . . . . . 145
3.2 Individual growth dynamics of Psa NZ54 and P. syringae
G33C compared with co-inoculation (1:1 ratio) in vitro . . . . 148
3.3 In vitro growth curves from invasion from rare experiments . . 151
3.4 Long-term stability of P. syringae G33C growth in cultivar
Hort16A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
xx
3.5 Symptom observations on Hort16A leaves . . . . . . . . . . . 154
3.6 Symptom observations on G3 leaves . . . . . . . . . . . . . . 155
3.7 1:1 competition growth assays of Psa NZ54 vs. P. syringae
G33C in planta . . . . . . . . . . . . . . . . . . . . . . . . . . 158
3.8 In planta invasion from rare experiments for Psa NZ54 and P.
syringae G33C. . . . . . . . . . . . . . . . . . . . . . . . . . . 161
3.9 In planta priority eﬀect of either Psa NZ54 or P. syringae G33C163
3.10 In planta priority eﬀect of either Psa NZ54 or P. syringae
G33C with subsequent lower inoculation . . . . . . . . . . . . 164
4.1 Overview of the β-ketoadipate pathway . . . . . . . . . . . . . 184
4.2 ML tree of kiwifruit isolated P. syringae based on MLST analysis200
4.3 ML tree of P. syringae PG3 based on full coding sequences of
gapA, gyrB, gltA and rpoD . . . . . . . . . . . . . . . . . . . . 201
4.4 Phylogeny of P. syringae PG3 based on the core genome . . . 202
4.5 The core and ﬂexible genome of P. syringae PG3a when
compared to P. syringae PG3 (Pph 1448A) or Psa NZ54 . . . 204
4.6 T3SS eﬀector repertoire in P. syringae PG3 . . . . . . . . . . 207
4.7 Genetic organisation of T3SS PAIs in P. syringae PG3 . . . . 210
xxi
4.8 Genetic organisation of the syringomycin/syringopeptin gene
cluster among PG3 isolates . . . . . . . . . . . . . . . . . . . . 212
4.9 Presence/absence of genes involved in phytotoxin production
in P. syringae PG3 . . . . . . . . . . . . . . . . . . . . . . . . 213
4.10 NJ tree for copABCD genes based on protein sequences . . . . 217
4.11 Genetic organisation of metal resistance loci in NZ isolates. . 218
4.12 Endophytic growth of metA+ and metA- P. syringae . . . . . 220
xxii
List of Tables
2.1 Sampling locations . . . . . . . . . . . . . . . . . . . . . . . . 50
2.2 List of MLST primers . . . . . . . . . . . . . . . . . . . . . . . 55
2.3 Overview of number of samples . . . . . . . . . . . . . . . . . 77
2.4 Indices of diversity . . . . . . . . . . . . . . . . . . . . . . . . 79
2.5 Nucleotide and amino acid diversity . . . . . . . . . . . . . . . 82
2.6 Pairwise genetic distances within and among phylogroups . . . 83
2.7 Testing for selection . . . . . . . . . . . . . . . . . . . . . . . . 84
2.8 Index of association . . . . . . . . . . . . . . . . . . . . . . . . 84
2.9 LDhat recombination analysis for P. syringae phylogroups . . 88
2.10 LDhat recombination analysis for host and disease status . . . 89
2.11 LDhat recombination analysis for global data . . . . . . . . . 90
2.12 SH-test for phylogenetic congruence between ML trees . . . . 105
xxiii
2.13 PERMANOVA analysis . . . . . . . . . . . . . . . . . . . . . 120
3.1 List of bacterial strains. . . . . . . . . . . . . . . . . . . . . . 138
3.2 List of primers . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
3.3 Parameters of relative ﬁtness in vitro . . . . . . . . . . . . . . 147
3.4 Parameters of relative ﬁtness in planta . . . . . . . . . . . . . 157
4.1 Genes involved in phytotoxin pathways . . . . . . . . . . . . . 193
4.2 Assembly statistics for NZ and Chinese PG3a strains . . . . . 197
4.3 Activity, plant target and localisation of eﬀectors found in
Phylogroup 3a . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
S 2.1 List of strains used in Chapter 2 . . . . . . . . . . . . . . . . 273
S 4.1 List of strains used in Chapter 4 . . . . . . . . . . . . . . . . 273
xxiv
